The severity of coronary artery narrowing is a poor predictor of functional significance, in particular in intermediate coronary lesions (30-70% diameter narrowing). The aim of this work was to compare the performance of a quantitative hyperaemic myocardial blood flow (MBF) index derived from adenosine dynamic computed tomography perfusion (CTP) imaging with that of visual CT coronary angiography (CTCA) and semi-automatic quantitative CT (QCT) in the detection of functionally significant coronary lesions in patients with stable chest pain.
Introduction
Computed tomography coronary angiography (CTCA) is an established non-invasive imaging modality for the diagnosis of coronary artery disease. Similar to invasive coronary angiography (ICA), CTCA evaluates the anatomical severity of coronary lesions. Anatomical CTCA findings are poor predictors of functionally significant coronary lesions, in particular in lesions of intermediate severity (30 -70% diameter reduction) . Additional functional testing is often required to guide patient management. Fractional flow reserve (FFR) is commonly used during ICA for the identification of functionally significant coronary lesions to guide angioplasty. 1 Stress dynamic CT perfusion (CTP) imaging is a newly introduced non-invasive technique that allows the absolute quantification of a myocardial blood flow (MBF) index. Combined with CTCA, this MBF index may allow a more comprehensive non-invasive evaluation of patients with suspected coronary artery disease. To date, only few animal studies 2 -6 and small single-centre patient series 7 -10 have shown the feasibility of this method. The purpose of this prospective study was to evaluate the diagnostic performance of such MBF index obtained by dynamic CTP imaging during hyperaemic stress for the identification of functionally significant coronary lesions in patients with stable angina. We hypothesized that the MBF index would have a better diagnostic performance than anatomical CTCA, in particular in coronary lesions of intermediate severity.
Methods

Study population
From March 2011 to September 2012, 157 patients with stable chest pain scheduled for ICA at two large institutions were screened for inclusion into this prospective study ( Figure 1 ). Patients underwent a CT study consisting of CTCA and adenosine stress dynamic CTP 1 day to 2 weeks before ICA. Exclusion criteria were acute coronary syndrome, severely impaired left ventricular ejection fraction (≤35%), estimated glomerular filtration rate (eGFR) ,60 mL/min, documented or suspected allergy to iodinated contrast and contraindications to adenosine infusion such as history of severe asthma or obstructive lung disease, second-or thirddegree atrioventricular block, and a systolic blood pressure ,90 mmHg. The study protocol was compliant with the declaration of Helsinki and received approval by the Research Ethics Committee/Institutional Review Board at each institution. All patients gave written informed consent.
CT protocol
A second-generation dual-source CT scanner (Somatom Definition Flash, Siemens, Forchheim, Germany) was used at both institutions. The preparation procedure and scan protocol for CTCA and stress dynamic CTP are detailed in Appendix 1. The median (interquartile range, IQR) dose-length product (DLP) associated with CTCA was 302 (215 -402) Gy cm (using a conversion factor for the chest of 0.014 this corresponds to 4.2 mSv). The median (IQR) DLP for CTP was 674 (621 -748) Gy cm (9.4 mSv). A total volume of 115-135 mL of contrast agent was used for the whole CTCA/CTP protocol.
CTCA and CTP analysis
A flow-chart of CT image analysis is given in Appendix 2. Anonymized CTCA data were analysed blindly in a core-lab based at Erasmus MC, Rotterdam. An off-line workstation with a commercially available platform (syngo 3D, MMW, Siemens, Erlangen, Germany) was used. If more than one lesion was present within the same vessel, the most severe lesion was selected and used in the analysis. Lesion severity was assessed visually, and then quantified using semi-automatic software (QAngioCT Research Edition v1.3.61, Medis Medical Imaging Systems, Leiden, the Netherlands). For the latter, percentage diameter narrowing was calculated from detected lumen contours at the minimal lumen area and corresponding reference diameter values obtained from an automatic trend analysis of the vessel area. 11 The percent diameter narrowing assessed visually and measured by quantitative CT (QCT) was dichotomized using three thresholds: (i) ≥30% vs. ,30%, (ii) ≥50% vs. ,50%, and (iii) ≥70% vs. ,70% diameter narrowing. Anonymized stress CTP images were analysed blindly at a core-lab based at the Centre for Advanced Cardiovascular Imaging, London. Commercial software (Volume Perfusion CT Body, Siemens) 4 was used (Appendix 2). The MBF index in each voxel was calculated as the maximum slope of the fit curve/maximum arterial input function, and quantitative three-dimensional colour maps representing MBF index distribution in the myocardium were created. Three 10-mm thick standard short-axis views of the left ventricle at basal, mid-cavity, and apical levels were generated. Measurements of MBF index were obtained from regions of interest of at least 1000 pixels (i.e. at least 0.5 cm 2 ) positioned in a representative area of each myocardial segment according to a standard 16-segment model. 12 Individual myocardial segments supplied by the same coronary vessel based on a three-vessel-territory model [left anterior descending coronary artery (LAD), left circumflex coronary artery, and right coronary artery (RCA)] were considered as parts of the same territory. Within each territory, the myocardial segment with the lowest MBF index was selected and used in the analysis. To ensure accurate matching of coronary vessels and associated myocardial territories, coronary dominance (right, left, or balanced) was used to decide which vessel (RCA, left coronary artery, or both) supplied the inferior and infero-septal segments of the myocardium. The time needed to postprocess and analyse a CT perfusion dataset was 8 min.
ICA and FFR
All patients underwent ICA. During the procedure, two experienced interventional cardiologists visually identified coronary lesions associated with diameter narrowing between 30 and 90%. FFR was measured using a sensor-tipped 0.014-inch guidewire (Pressure Wire, Radi Medical Systems, Uppsala, Sweden). The pressure sensor was positioned just distal to the lesion, and maximal myocardial hyperaemia was induced 
Standard of reference
If FFR was ≤0.75 lesions were classified as functionally significant; if FFR was .0.75 lesions were classified as non-significant. Critical lesions (≥90% diameter narrowing) were classified as significant, while mild lesions (,30% diameter narrowing) were classified as non-significant. 13 
Statistical analysis
Statistical analysis was performed using commercial software (IBM SPSS Statistic, version 20; Somers, NY, USA). Results were reported in accordance with the STARD criteria.
14 Continuous variables were presented as means + standard deviations (SD) or medians with interquartile ranges (IQRs). Categorical variables were presented as frequencies and percentages. Intra-and inter-observer variability were calculated using intraclass correlation coefficients (ICC's). The time interval between repeat readings by the same observer was .3 months. Receiver operating characteristic (ROC) curves were built for MBF index, CTCA, and QCT. The optimal cut-off value of the MBF index was identified as the value that allowed the optimization of specificity, provided that sensitivity was at least 85%. For the purpose of this analysis, myocardial territories downstream to non-significant coronary lesions were defined as remote myocardium. MBF index values in territories downstream to significant lesions were compared with the remote myocardium using the Wilcoxon signed-rank test. Sensitivity analyses used the specified cut-off value of MBF index. At the patient level, sensitivity and specificity were calculated as proportions with 95% confidence intervals. The vessels with the most severe findings were selected to represent the patient (lowest FFR and lowest MBF index). At the vessel-territory level, we adjusted for the clustered nature of the data using logistic generalized estimating equations (GEE's). 15 Secondly, we performed a pre-specified sub-analysis in vessels directly interrogated with FFR. Thirdly, we estimated the diagnostic performance in intermediate coronary lesions defined as diameter narrowing between 30 and 70% on CTCA. The DeLong test was used to compare the areas under the curve (AUC's) of MBF index with those of visual CTCA and QCT. The McNemar test was used to compare sensitivity and specificity. Univariable GEE models were used to assess the value of CTCA and QCT in predicting functional significance in intermediate coronary lesions. The incremental value of the MBF index over CTCA and QCT was evaluated comparing the AUC's of the multivariable models with that of the corresponding univariable models.
Results
Baseline characteristics and ICA findings
The study population consisted of 80 patients ( Figure 1 ). Stents were present in 13 vessels, and these were excluded from analysis. Further three vessels were excluded due to suboptimal ICA views. One vessel could not be engaged on ICA due to an anomalous origin. Further 11 vessels and 2 myocardial territories were excluded due to poor image quality on CTCA and CTP, respectively. Thus, data from 210 coronary vessels and 210 corresponding myocardial territories were available for comparison and were included in the analysis. Functionally significant coronary lesions were found in 56 of 210 (27%) vessels in 40 of 80 (50%) patients. There were 3 of 80 patients with three-vessel disease, 10 with two-vessel disease, and 27 with one-vessel disease. Baseline characteristics of the population are given in Table 1 Diagnostic performance in the whole sample (total vessels 5 210) On a vessel-territory level, MBF index had an AUC of 0.95 (95% CI: 0.92-0.98, P , 0.001). All territories with an MBF index of ,51 mL/ 100 mL/min were downstream to functionally significant lesions. All territories with an MBF index of .103 mL/100 mL/min were supplied by non-obstructive vessels (remote myocardium). An MBF index cut-off value of 78 mL/100 mL/min yielded 88% sensitivity and 90% specificity ( Figure 3A) . Visual CTCA had an AUC of 0.85 (95% CI: 0.79-0.91, P , 0.001), and QCT had an AUC of 0.89 (95% CI: 0.84 -0.93, P , 0.001). The diagnostic performance of MBF index was better than that of visual CTCA (P , 0.001) and QCT (P ¼ 0.014). QCT performed slightly better than visual CTCA (P ¼ 0.019) ( Figure 3B) . Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of MBF index, CTCA, and QCT are given in Table 2 . A. Rossi et al.
Diagnostic performance in vessels directly interrogated with FFR (vessels 5 68)
MBF index had an AUC of 0.85 (95% CI: 0.76-0.94, P , 0.001), 84% sensitivity and 81% specificity. PPV and NPV were 72% and 90%, respectively. Visual CTCA had an AUC of 0.69 (95% CI: 0.56-0.83, P , 0.001), and QCT had an AUC of 0.78 (95% CI: 0.66-0.89, P , 0.001). The diagnostic performance of the MBF index was better than visual CTCA and QCT (both P-values ,0.001). QCT performed slightly better than visual CTCA (P , 0.001) ( Table 2) .
Diagnostic performance in intermediate coronary lesions on CTCA (30 -70% diameter reduction)
In the analysis restricted to coronary lesions scored between 30 and 70% diameter reduction on CTCA, on a vessel-territory level, MBF index had an AUC of 0.87 (95% CI: 0.79-0.95, P , 0.001), 85% sensitivity and 89% specificity. PPV and NPV were 70% and 95%, respectively. Visual CTCA had an AUC of 0.68 (95% CI: 0.57-0.79, P ¼ 0.002), and QCT had an AUC of 0.69 (95% CI: 0.58 -0.80, P ¼ 0.001). The diagnostic performance of the MBF index was better than visual CTCA (P ¼ 0.003) and QCT (P ¼ 0.002) due to a significantly lower false positive ratio (better specificity) ( Table 3) .
Incremental value of the MBF index over CTCA and QCT 
Discussion Summary of main findings
In this study, we evaluated the diagnostic performance of hyperaemic MBF index derived from stress dynamic CTP imaging to identify functionally significant coronary lesions in comparison with visual CTCA and QCT. All patients underwent ICA with FFR independently of the CT results. We used stringent positivity criteria based on FFR and ICA to define functionally significant coronary lesions as the study endpoint. Myocardial territories supplied by functionally significant coronary lesions could be differentiated reliably from the remote myocardium. The performance of MBF index (AUC: 0.95) was better than that of CTCA and QCT (AUC's: 0.85 and 0.89, respectively), both on a vessel-territory level as well as on a patient-level. In the sub-analysis restricted to lesions scored as intermediate on CTCA (30-70% diameter narrowing), the performance of the MBF index (AUC: 0.87) remained better than CTCA or QCT (AUC's: 0.68 and 0.69, respectively).
MBF index
Our study used a dynamic CTP technique that is fundamentally different from static techniques. Unlike static perfusion, where a single set of images is acquired at a single time point within the early arterial phase, 16 -21 dynamic CTP imaging involves repeated imaging over time to capture the inflow and washout of contrast in the myocardial tissue and vascular compartment to construct time-attenuation curves (TAC's) from which a quantitative MBF index can be computed. 4 In contrast to static CTP, such quantitative MBF index does not rely on the assumption that the bestenhanced territory is normal and can be used as reference. The MBF index provides independent information about each myocardial territory. Quantification of images in general results in more precise and reproducible findings. A quantitative MBF index might be particularly useful in cases where relative assessment of lesions' functional significance is difficult such as patients with balanced multivessel disease. 22, 23 For these reasons, we chose not to rely on a visual approach to detect differences in myocardial enhancement. In our study, the absolute value of MBF index to discriminate functionally significant coronary lesions from non-flow-limiting lesions was 78 mL/100 mL/min. This is in keeping with the value of 75 mL/ 100 mL/min found by Bamberg et al. 7 Using this cut-off, we could identify all functionally significant coronary lesions in patients with three-vessel disease ( Figure 4) . It is noteworthy that we could not distinguish whether a hyperaemia-induced CTP abnormality was reversible or irreversible (myocardial scar) since this would have required further CTP scan at rest. However, FFR was our reference standard and a decrease in FFR in a lesion supplying an area of myocardial scar cannot be expected. 24 Thus, in this proof-ofprinciple study, we decided to restrict the associated radiation exposure and volume of contrast agent. Accordingly, we excluded from analysis the myocardial territories downstream to coronary vessels with previously implanted stents. The normal values of MBF in healthy subjects during hyperaemia are in the range of 200-500 mL/100 g/min. 25 The MBF index values found in this study were lower. MBF measured by different imaging modalities (positron emission tomography, magnetic resonance imaging, single-photon emission tomography, and CT) may differ due to different uptake kinetics of the tracers or contrast agents used, different acquisition protocols, and post-processing methods. 10, 23, 26 In our analysis, we did not average values of MBF index, but selected the lowest MBF index measurement in each vascular territory as the most representative ischaemic area in that territory. Difficulty in temporal sampling of the hyperaemic intra-capillary first pass of contrast, which is characterized by fast flow, may be a further explanation for this difference.
Diagnostic performance
Anatomical diameter narrowing is a poor indicator of flowlimiting lesion even by ICA. 13 In this study, the MBF index All other abbreviations as in Table 2 . P , 0.05; specificity significantly lower than MBF's specificity using the McNemar test.
performed well in the identification of functionally significant lesions compared with FFR, showing that non-invasive imaging has a potential value to combine functional information with anatomy as guidance to revascularization procedures. 1 MBF index had better discriminatory power than visual CTCA and QCT to identify and exclude flow-limiting lesions, both on a patient-level and on a vessel-territory level. The performance of a semi-automatic quantitative method (QCT) to measure coronary artery narrowing was better than visual CTCA but inferior to the MBF index. MBF index had 90% sensitivity and 88% specificity in the identification of patients with functionally significant lesions, which compared well with other imaging modalities, either qualitative or quantitative. For instance, qualitative singlephoton emission tomography had 85% sensitivity and 85% specificity. 27 Quantitative positron emission tomography had 95% sensitivity and 91% specificity, 28 and quantitative magnetic resonance imaging had 82% sensitivity and 81% specificity.
26
Clinical implications: incremental value in intermediate coronary lesions
Intermediate coronary lesions (30 -70% diameter narrowing) represent a challenge as their functional significance is hard to predict. Anatomical CTCA yielded both false positive and false negative findings in these lesions, in keeping with previous reports. 29, 30 Since revascularization of a coronary lesion is only justified if the lesion is functionally significant, 31 we sought to evaluate whether there was an additional value of the MBF index over visual CTCA or QCT in intermediate coronary lesions. We followed an approach consisting of anatomical testing first (CTCA) to identify intermediate coronary lesions followed by functional testing (MBF index) ( Table 3) . Such an approach was different from that followed by Bamberg et al., 7 where only lesions with ≥50% diameter narrowing on CTCA were reclassified based on the MBF index. By the identification of intermediate coronary lesions first, as it can be obtained from modern All other abbreviations as in Table 2 . Univariable and multivariable GEE models for the prediction of functionally significant coronary lesions. MBF index cut-off value: 78 mL/100 mL/min. GEE, generalized estimating equation; DOR, diagnostic odds ratio; AUC, area under the curve; CI, confidence interval.
CTCA with low radiation exposure to the patient, we observed a significant gain in discriminatory power of MBF index compared with CTCA and QCT with a significant reduction in false positive findings. MBF index had an incremental value over ≥50% diameter narrowing on CTCA and QCT ( Table 4) . In this context, the possibility of noninvasive FFR, 32 albeit still computationally difficult, may further enhance the clinical value of CT in patients with coronary artery disease.
Limitations
Our study was performed in stable patients referred to ICA who consented to participate in this study. Vessels and myocardial territories with poor CT image quality were excluded, as were patients with acute coronary syndromes. Among patients with demonstrated significant coronary artery lesions, the majority had one-vessel disease. This study should be considered a proof-of-principle study and it remains to be demonstrated whether a similar high diagnostic performance can be achieved in less-selected populations. Invasive FFR, considered a reliable standard of reference, is a measure of pressure and reflects the functional consequence of narrowing in epicardial coronary vessels. The MBF index is a measure of flow, depends on epicardial coronary disease as well as myocardial microvascular dysfunction, and may be impaired in the absence of flow-limiting coronary artery narrowing but as a consequence of microvascular dysfunction. However, in our study, the presence of significant microvascular dysfunction was largely avoided by exclusion of patients with severely impaired left ventricular ejection fraction. Not all vessels were interrogated with FFR. The FFR was not performed in angiographically normal vessels, in vessels with ,30% diameter narrowing or ≥90% diameter narrowing, in agreement with generally accepted clinical standards. Combining CTCA with CT perfusion imaging will increase patient radiation exposure. This could be justified provided that this approach decreases the false positive ratio of CTCA and hence the number of unnecessary invasive procedures. Technical developments such as more sophisticated detector arrays and iterative reconstruction algorithms may decrease radiation exposure in the near future. In addition, the combined approach requires a double dose of contrast agent, which necessitates careful selection of patients without impaired renal function. For these reasons, we did not test the reproducibility of the MBF index measurements on repeat scans.
Conclusions
In this proof-of-principle study, the CT evaluation of coronary artery anatomy and hyperaemic MBF index performed well as an integrated diagnostic tool to detect functionally significant coronary lesions in patients with stable angina, particularly in patients with intermediate coronary lesions. Future comparative effectiveness studies are warranted to assess the performance of such combined anatomicalphysiological approach in a single non-invasive test in less-selected patient populations. 
